Results are provided from a viscous shock layer (VSL) analysis of the reentry flowfield around the forebody of the Japanese Orbital Reentry Experiment (OREX) 
Introduction
For the optimum design ofreusable space transportation vehicles, itisnecessaryto determine the reentryaerothermal environment ofthesevehiclesaccurately so that the weight of thethermal protection system may be minimized to increasethe payload capacity.An accurateprediction by computationalfluid dynamics (CFD) methods of surfaceheating, temperature,and flowfield quantities during reentrynaturallyrequiresaccuratemodeling of theflovefield chemistry,gas surfaceinteraction, body (and shock)slipas wellas thermo-chemical nature ofthe flowfield 1. Due tothe extreme physicalconditions encounteredand associated modeling difficulties, itbecomes essential to calibrate the CFD codes,ideally againstflight data,fora wide range offlow conditions. The OrbitalReentry Experiment (OREX) was conducted recently by the Japanese 2 from orbit to create such a data base to study the reentry technology and establish the reliability of computational design tools for Earth-Space Round Trip (ESRT) systems.
OREX was the first of the three flight experiments planned to obtain the technology base for the development of Japan's unmanned space shuttle called HOPE (H-II Orbiting Plane). OREX was launched into Earth Orbit by the H-II rocket on February 4, 1994, and was the first Japanese entry experiment.
Two of many objectives of OREX were to: (i) gather reentry data (such as those for the aerodynamic and aerothermal environment and guidanceJnavigation/control), and (ii)testthe thermal protection system thathas been developedforHOPE. For meeting the second objective, the maximum heating rate encounteredby OREX was almost equal2 tothat computed forHOPE. The initial reports2, 3 providean indication ofthe scope and qualityof the basicdata acquired.
The inferred surfaceheating ratedata forOREX are consideredpotentially unique for altitudes above about 92 km. Unlike the ShuttleOrbiter, which isan operational vehicle, OREX was enclosedin a protective fairing during launch therebynegates the requirement forwaterproofingthe thermal protection materials.Consequently,the OREX thermal protection system shouldnot produce some of the outgasingproductsand the associated reduction 4 in heatingmeasured forthe Orbiter duringthe initial phase ofthe heat pulse.A motivation,therefore, exists forthe comparison ofnumerical predictions with the OREX data. Reference3 presented a 7-species, onetemperature (l-T)analysisofthe OREX stagnation-point heating data. The computations ofRef.3 were recentlyredone5 with new values forthe thermal properties of the C/C nose cap. The low-densityeffects (such as the thermochemical nonequilibriumand slip) were not consideredin the analysesofRefs.3 and 5. In the data reductionprocedureforthe electrostatic probe2, however, a twotemperature (2-T)calculation method 6 was employed without the surface-slip effects.
In thepresent study,the OREX entry is analyzedby using the viscousshock-layer (VSL) Fig. l(a) . It was launched into Earth Orbit using Japan's new H-II launch vehicle. During entry, aerothermal data were obtained from about 120 km down to about 40 kin, including the blackout period when the maximum heating occurred.
Figure 1(13) shows a schematic of the various sensor locations on the exposed forebody of OREX, which consists of thermal protection materials that have been developed and are being evaluated for use on the HOPE vehicle. The nose cap is a monocoque carbon-carbon (C/C) nose having a thickness of 4 ram. Surrounding the C/C hot structure are twentyfour C/C tiles 1.5 mm in thickness.
The nose cap and the surrounding tiles are made from the same carbon-carbonmix. Ringing the C/C tiles are some 230 ceramic tiles made ofsilicon-oxide and aluminum-oxide fibers connected to OREX's aluminum honeycomb shell. The ceramic tiles are 20 mm in thickness.
A few of the locations where measurements were made along the OREX forebedy are also shown in Fig. 1(]3) . The measurements for which the data are compared with current VSL and DSMC calculations are: (i) the inferred heating rates extracted 8 from the back surface (with material thickness of 4 ram) temperature measurements made at the nose cap stagnation point, and (ii) the electron number densitydistribution in the boundary layer measured by an electrostatic probe mounted on the conical flank before the probe shoulder.
The electrostatic probe protrudes from the OREX vehicle surface 70 mm in height as shown in Fig. l(c) . Five semi-cylindrical electrodes of 0.2 mm diameter situated along the leading edge of the probe with 0.4 mm bluntness and 60°sweep angle are numbered as shown in this figure. Those electrodes collect ions at 5 vertical positions to give the ion density profile in the boundary layer which is assumed equal to the electron number density to be measurable between 1016 -1020 electrons/m 3. The lowest altitude where the electron density measurement can be made within this range is about 75 kin. The procedure used to reduce the probe data is similar to that used with the RAM-C flight experiment 9. is also implemented, which impacts the heating at altitudes lower than about 84 kin, At higher altitudes, finite wall catalycity does not affect heating much as compared to a noncatalytic surface.
To obtain an estimate of the reduction in heating due to a noncatalytic (or finite catalytic) wall, some results are also obtained for a fully catalytic wall, which should be closer to the thermochemical equilibrium value. The noncontinuum 2D/axisymmetric DSMC method, used to compute the results shown here,isdescribedin Refs.7 and 13 and is briefly discussedhere. In thismethod, the molecularcollisions are simulatedusing the variablehard sphere (VHS) molecularmodel. The collision cross-section isa functionofthe relative energy in the collision. Parameters used in thepresentstudy to definethe VHS model are a referencetemperature (2880 K), referencediametersforeach ofthe fivespecies (3.062x 10"10,3.083 x 10"10,2.297 x 10"10, 2.398 x 10"10,and 3.065 x 10"10m for02,N2, O, N, and NO respectively), and thetemperature exponent(setto0.73)in the power law for viscosity coefficient. Energy exchange between the kinetic and internal modes iscontrolled by the Larson-Borgnakke statistical model. For the diatomicmolecules, a rotational relaxation collision number of5 and a vibrational relaxation collision number of 50 areused. The gas surfaceinteractions aremodeled by assuming thegas moleculesto reflect diffusively with full thermal accommodation at the specified surface temperature.
Similar to the VSL calculations, the finite catalytic wall boundary conditionisimposed by using the surfacerecombinationprobabilities foratomic oxygen and atomic nitrogeninferred from Shuttledata12.
Results and Discussion
As describedin the Introduction section, itisnecessaryforthe computer codeswith many models forsimulatingthe physicalprocessesto be validatedagainsta wide range offlow conditions ifthese cedes are to serveas useful designtools.Some ofthe codes show good accuracies againstground-testresults, which, however,do not simulatehigh temperature real gas effects simultaneouslyas encounteredin a flight. Thus, the cede comparison againstthe flight data can not be over-emphasized, especially, forthe high-energyfows.
This section providesdetails about the flight conditions forwhich calculations are made; the sensitivity ofthe calculated results to assumptions concerningflowfield chemistry, wall boundary conditions and freestream density; flowfield and surfacequantities; comparisonsof these quantities with flight measured data and, at higher altitudes, with direct simulationMonte Carlo (DSMC) method; and a brief discussionofthe potential uniqueness ofthe OREX heating data set. FlightConditionsand Numerical Parameters Table i providestherange offlight conditions considered, which encompass altitudes of 105 km to 48.40 km. Standard Atmosphere 14 up toan altitude of about 90 km. For altitudes above 90 kln,the atmosphericproperties given by Jacchia15 (for an exospherictemperature of 1200 K) are employed. Jacchia valueshave been used extensively in previoushigh-altitude studies 16, 17. These valuesare different than thosegiven by the OREX atmosphere 3 and avoid a significant change in the slopeofthe densityversus-altitude curve around 90 km altitude (see Fig.2 ). The densityvaluesfrom theJacchia atmosphere arelower by about one-thirdfrom those given by Yamamoto (seeTable 1)at higher altitudes.
The stagnation-point temperatures (see Table 1 )and surfacetemperature distributions (seeFig.3(a)) employed in the present study are those obtainedby Yamamoto 5 foraltitudes of 105 km and below using a Navier-Stokes solution fortheflowfield coupledwith a material responsecede as describedin Ref.3. The considerable temperature variations shown in Fig.3 (a)are due to variations in materials, materialthicknesses, and materialthermal properties. The carbon-carbonnose cap with a thicknessof0.4mm extends to a wetted length ofs = 0.942 m (measured from the stagnation point). Followingthe nose cap arethe carboncarbon tiles which terminateat s = 1.242m and then fourringsof silica tiles, having much lower conductivities and hence higher surface temperatures,extend to s = 1.982 m. The corner shoulderisalsoprotectedwith a filth ring of silica tiles. Figure3(b)shows a comparison of the historyofcalculated valuesand flight data forthe rearsurfacestagnation-point temperature. The computations ofRef.5 for the surfacetemperature are different from those ofRef.3 fortwo reasons:(i)thermal properties ofthe C/C nose cap are changed to new values, and (ii) internal emissionfrom the C/C nose is assumed tobe zeroby theheat shieldeffects, as recommended by the industry.These two changes resultin a C/C nose cap temperature history, calculated by the coupledNavierStokes/material response(CFD-FEM) code,to agree betterwith theflight temperature history forthe altitude range of 105 kln to 45 km.
The VSL calculations have been made by using a normal gridwith 101 points, which are clustered both at thebody surfaceand shock to capturelargegradientsin the flowproperties there at low densities. The pointsare clustered onlyat the body surfaceat higherdensities.
The gridspacingisvariedfrom lx10-6 m to lx10-4 m to obtaina grid-independentsolution forthealtitude range given in Table 1 . The smallestgridisused at the lowestaltitude of 46.40km and isincreasedin inverseproportion tothe densityforhigher altitudes. In the streamwise direction, a minimum gridspacing of2x10"2 m isused.
For the DSMC calculations 13,the sizeof computationalcells adjacentto the body surface in the direction normal to the surface is usually less than half of the local mean free path length, and for most solutions much smaller. Previous experience 16 has shown that such a resolution adjacent to a surface provides results that are independent of further cell refinement.
For the lower altitude cases, the computational cells had very large aspect ratios with the dimensions along the surface equal to many local mean free path lengths.
Flowfield and Surface Ouantities
This section givesresults from the detailed VSL calculations forflowfield and surfacequantities at altitudes of92.82,88.45, 84.01,and 59.60km (peak-heating altitude in Ref.
3).These results are latercompared extensively with the flight data forelectron densityand stagnation-point heating.
Presentedresultsin thissection includean assessment of thethermal nonequilibrium(i.e. 2-T v/s1-T predictions) and slipeffects on flowfield and surfacequantities at these altitudes and on stagnationheatingalong the entireflight trajectory. A comparison ofthe VSL results isalsomade with the Navier-Stokes calculations ofYamamoto 5, and thepresent directsimulationMonte Carlo computations. Beforecomparing thepresent results with other calculations and flight data,however,itisuseful tohave an indication ofthe sensitivity ofthe VSL calculations tovariousparameters thatare employed to definethe problem. Some of the parameters consideredarethe number of species in the chemistrymodel,surfacecatalytic activity, and freestreamdensity.A variation in thevalues ofthese parameters givesan indication ofthe sensitivity ofcomputed results to theuncertaintyin theirspecified values.The sensitivity study has been done foraltitudes of 92.82,88.45,and 59.60km exceptforthe chemistrymodel, which isstudiedby employing thefreestreamand surfaceconditions consideredat the US-European Conference18 on high speed flowfields.
Sensitivity to Number of Szeclesin a Chemistry_ Model. Figure4 shows the stagnationheatingfora noncatalytic surfacefor two-temperature(2-T), 5-species (0,02, N, N2, and NO), 7-species (0,02, N, N2, NO, NO +, and e-), and 11-species (O,02, N, N2, NO, O +, 02 +, N +, N2 +,NO +, and e-)chemistrymodels. For the altitude (91.86km) considered, surfaceand shock-slip are found to influence the surface heating more significantly than the number of species in the chemistry model. The effect on surface heating is negligible when the number of species is increased from 7 to 11. Therefore, a 7-species chemistry model is considered adequate for the present study. are less than about 1100 K and the recombination probabilities for the finite catalytic wall in these figures are less than 3.25x10 "3 and 9.35x10 -4 for atomic oxygen and nitrogen, respectively.
With these low values of the recombination probabilities, the calculated heat transfer rates are essentially the same as those forthe noncatalytic wall case. However, at 59.60km altitude (seeFig.6(c)), the maximum recombinationprobability valuesfor atomic oxygen and nitrogenincreaseto 2.20x10"2 and 1.50x10 "3,respectively, at the stagnationpointwhere the temperature isabout 1460 K For a noncatalytic wall,a 34% reductionin stagnationVSL heatingprediction isobtainedforthiscase. However, fora fully catalytic wallthisheatingrateisincreasedby about 31%. For 92.82 km altitude (Fig. 6(a) ) also, the VSL heatingratesforthe fully catalytic wallconditionare larger, substantially soforthe 84.01 km altitude case (Fig.6(b) ), as compared to thenoncatalytic (orfinite catalytic) wallvalues. Itmay be mentioned here thatthe VSL calculations at higheraltitudes (Figs. 6(a) and 6(b)) employ a two-temperature (2-T) formulationwith surfaceand shock-slip boundary conditionand a one-temperature(l-T) model with no-slip boundary conditionat lower altitudes (Fig. 6(c) ) to reflect appropriate flowfield physics in the computations.
Figures 6(a)-6(c) also contain the onetemperature (l-T) Navier- (Fig. 6(a) and 6(c) ). At 84.01 km altitude (Fig. 6(b) ), however, these calculations are lower by about 17% as compared to the dat_ Assuming the surface to be noncatalytic at lower altitudes will result in lower heating as compared to the inferred flight data as seen from Fig. 6(c) . The Navier-Stokes calculations ofRef. 5 also give surface heating distributions, which appear at variance (see Figs. 6(a) and 6(c) , for example) with the catalytic boundary conditionemployed in the presentcalculations.
Sensitivity to Freestream Densitw. Actual atmosphericdensityduring reentrycan be a significant uncertaintyfora given altitude/time, particularly at the higher altitudes. Itmay differ significantly from that obtainedfrom a standard atmosphericmodel 14, 15. The significance ofthiseffect on surface heating isshown in the 'Comparison with Flight Data' section later.
Assessment ofThermochemical Noneauilibrium and SlinEffects, An evaluation ofthermochemical nonequilibriumin the flowfield can be made by analyzingthe temperature profiles and surfacedistributions of pressureand heating ratefora non-catalytic wall. Figures 7(a) and 7(b)show stagnation profiles forthe translational-rotational (T)and vibrational-electronic-electron (Tve) temperature ratios for altitudes of 92.82 and 84.01 kin, respectively.
At 92.82 km altitude (Fig. 7(a) ), the two temperature ratios are quite different through the entire shock layer and accordingly, thermal nonequilibrium extends all the way to the surface. The degree of nonequilibrium in the two temperature profiles, however, is much reduced closer to the surface at 84.01 km altitude as shown in Fig. 7(b) .
Effects of thermal nonequilibrium on surface quantities may be evaluated by analyzing the pressure distributions given in Figs. 8(a) and 8(b) . Unlike the continuum calculations, where assumptions are made with regard to the pressure tensor, a DSMC calculation accounts for nonisotropic effects which become significant under rarefied (thermalnonequilibrium)conditions. Therefore, normal forceper unitarea isshown in these figuresfrom the DSMC calculations for comparison with the surfacepressure(Pw) distribution obtainedfrom the VSL
computations.
Under thermal equilibrium conditions, the isotropic pressure Pw and normal force per unit area can be identified to be the same 7. The surface distributions of these two quantities are different at the altitude of 92.82 km (Fig. 8(a) ) suggesting the influence of thermal nonequilibrium on surface pressure, Pw, which is increased by about 20%. At 84.01 km altitude (Fig. 8(b) ), however, distributions of normal force/area and Pw essentially have the same values, which imply conditions closer to thermal equilibrium.
To assessthe effect ofthermal nonequilibriumon surfaceheating rateat 84.01km altitude, heating-rate distributions are computed (Fig. 9 ) using 1-T (forthermal equilibrium) and 2-T (forthermal nonequilibrium) models with the VSL method. Also, results are obtained with and without shock and surface-slip conditions.
As shown in Fig. 9 , the VSL results imply that the effects of both thermal nonequilibrium (even though present to some extent within the shock layer (Fig. 7b) ) and slip are insignificant on surface calculated quantities for the 84.01 km altitude conditions and these effects may be neglected in calculations below thisaltitude.
Comnarison with DirectSimulation Monte Carlo (DSMC) and Navier_tokes (NS) CalculatiQns. Surfaceheating-rate distributions obtainedusing theVSL method are compared with thoseobtainedfrom DSMC and NS calculations in Figs.10(a)and 10(b)at altitudes of 92.82and 84.01km, respectively. Also shown are the flight inferred data forthe stagnationpointheating.Except forthe resultsshown over the conical flankin Fig.10(a) , there isgenerally a good agreement between the VSL and DSMC calculations forthe two altitudes (Figs.10(a)  and 10(b) ). This impliesthat a 2-T VSL formulation with slip boundary conditions models the low-density effects (thermal nonequilibrium and slip) quite well. The NS calculations ofRef. 5 are also in good agreement with the present results in the stagnation region at 92.82 km altitude (Fig. 10(a) ) and along most parts of the OREX forebody at 84.01 km altitude (Fig. 10(b) ). It is not obvious, however, why the NS results of Ref. 5 away from the stagnation region are higher in Fig. 10(a) . Generally, the influence of a shoulder expansion on the upstream surface heating should become negligible at higher altitudes.
The surface heating becomes a function of only surface inclination at free molecular flow conditions. Present calculations agree quite well with the stagnation flight data at 92.82 km altitude. However, the present results are lower than the flight data by about 17% at 84.01 km altitude. Also, some slip effects are noticeable over the conical flank at this altitude ( Fig. 10(b) ).
Additional The DSMC calculations for altitudes of 105 to 79.9 km are shown in Fig. ll(c Table 1 for the two models). As can be seen from Fig. ll(a) , the 2-T VSL predictions for a noncatalytic wall (with slip) based on the Jacchia atmosphere are in better agreement with inferred flight data between the 90 and 105 km altitude range as compared to both the NS and VSL calculations utilizing the OREX atmospheric data. Further, the effect of slip on surface heating is dominant, whereas the thermal nonequilibrium (2-T) effects are secondary in this altitude range.
Both slip and thermal nonequilibrium (2-T) effects are neglected in the NS calculations 3, 5
For altitudes below 84.01 kin, surface temperatures are higher and slip and thermal nonequilibrium effects become negligible. At higher temperatures, finite surface catalytic activity also begins to influence the heating rate. Therefore, a one-temperature (l-T), noslip, and finite catalytic wall flow model is appropriate for the lower altitude calculations. The VSL calculations with these flow assumptions are in better agreement with the inferred flight data than the l-T, no-slip, noncatalytic VSL and NS calculations as shown in Fig. ll(a) .
The dotted line in Fig. ll(b) is a fairing through the VSL predicted values with appropriate flow physics from high-to-low flight altitudes.
As mentioned earlier, the low-density (i.e. slip and thermal nonequilibrium) effects become negligible for the OREX forebody surface results at an altitude of about 84 kin.
Figure ll(c) shows a comparison between VSL (with appropriate physics), NS, and DSMC predictions and with the inferred flight data. The DSMC results are shown for the high-altitude range of 105 to 79.9 kin. Overall, the qualitative behavior of the DSMC results is similar to that of VSL calculations and there is a good agreement between the two and with the inferred flight data. The NS (l-T, no slip, NCW) calculations ofYamamoto 5 are higher for altitudes greater than 88.45 km as compared to the VSL and DSMC calculations as well as the inferred flight data. As explained earlier, non-inclusion of thermal nonequllibrium and slip effects at higher altitudes and nonimplementation of finite-catalytic wall boundary condition at lower altitudes with the NS computations 3, 5 may be responsible for the differences with the VSL and DSMC predictions.
As described in the Introduction section earlier, the OREX vehicle was enclosed in a protective fairing during launch, thereby negating the requirement for waterproofing the thermal protection materials.
Since the Shuttle Orbiter, is an operational vehicle, waterproofing procedures are employed.
Therefore, the OREX thermal protection system should not produce some of the outgasing products and consequent reduction in heating that is evident for the Orbiter 4 during the initial portion of the heat pulse. The surface heat-transfer coefficient based on the initial entry heating data reported for OREX exhibits 13 a monotonic increase with the increase in Knudsen number.
This type of behavior is characteristic 20, 21 of the hypersonic cold-wall, stagnation-point heating for a nonblowing surface. Electron Number DensitT.
Flight data for the electron number density distribution in the boundary layer with strong entropy layer swallowing serve to delineate the applicability of 'two-temperature (2-T)' and 'one-temperature (l-T)' flow models for nonequllibrium ionized gas flows. An accurate calculation of the electron density also provides knowledge of the onset and expiration of the communication _lack-out' phase during entry.
Figures 12(a)-12(c) show the electron number density history at positions where probes 1, 3, and 5 (see Fig. l(c) between the flight times of 7401 and 7411 seconds as shown in Fig. 12(a) . It is not obvious, however, why the electron density first decreases at a flight time of about 7391 s and increases again at about 7421 s for Probe 1 location.
Similar decrease and increase in data is noticed for Probe 2 (not shown here) and Probe 3 (see Fig. 12(b) ) also at different times in flight 5. Figure 12( are done with 1-T and 2-T flow models and slip boundary conditions. Present 1-T VSL predictions are slightly higher than the 2-T VSL results.
Both of these VSL calculations are closer to the data and 1-T CFD calculations than the 2-T CFD results for all the three probe locations shown in Figs. 
12(a)-12(c).
Similar to the surface heating results given earlier, the effect of thermal nonequilibrium on electron density also appears to be secondary. For flight times earlier than 7401 s (i.e. at higher altitudes), when the low-density effects (such as thermal nonequilibrium and slip) become important, a 2-T flow model with slip should be more realistic as evidenced by the good agreement between the 2-T VSL and DSMC calculations shown earlier.
Finally, Figs.13(a)-13(c) show further detailed comparisons between the predicted valuesand data forthe electrondensityprofiles at the altitude of84.01 km forthe three probe locations. The VSL predictions in thesefigures have been obtainedwith the assumptions of thermal nonequilibrium(2-T)and equilibrium (l-T)with and without the slipboundary conditions. Except forthe narrow regionnear the shock,the electron densityprofiles (similar tothe surfaceheat-transfer rates)are predicted essentially by the thermal-equilibrium, no-slip flowmodel forthe three probe locations. Except forProbe 1 (Fig.13(a) ), the electrondensity profiles pass through theflight-measured values forProbes 3 and 5 as shown in Figs.13(b)and 13(c).As noticedin Fig.12(a) 
Summary and Conclusions
This study presents a viscous shocklayer (VSL) analysis of the reentry flowfield around the forebody of the Japanese Orbital Reentry Experiment (OREX) vehicle. The OREX vehicle is a 50-deg half-angle spherically blunted cone with a nose radius of 1.35 m and a base diameter of 3.4 m. Obtained results span an altitude range of 105 to 46.4 km. In this altitude range, the flowfield character changes from thermal nonequilibrium to thermal equilibrium and the slip effects become insignificant at lower altitudes. The low density effects (such as thermal nonequilibrium and slip) at higher altitudes in the VSL method are accounted for through the two-temperature (2-T) formulation with slip boundary conditions. With the disappearance of these effects at lower altitudes, VSL results are computed from onetemperature (l-T) flow model with no-slip boundary conditions. Within the altitude range considered, the influence of low-density and the surface catalycity effects on flowfield structure is analyzed in detail. Present results are compared with the flight data and existing Navier-Stokes (hiS) calculations for the OREX trajectory, and with the direct simulation Monte Carlo (DSMC) results at higher altitudes in this trajectory.
Results from sensitivity studies indicate that a 7-species chemical model is adequate to analyze the OREX flowfield. However, the inclusion of low-density effects (i.e. both thermal nonequilibrium and slip) is important for altitudes greater than 84 km. This is demonstrated by the comparison of viscous shock-layer results obtained from onetemperature, no-slip and two-temperature, slip flow models. Surface catalytic activity also significantly influences the level of heating at altitudes lower than 84 km in the trajectory. At the peak heating altitude of 59.60 km, a 50% reduction in heating is obtained for a noncatalytic wall as compared to a fully catalytic wall. Reduction in heating is about 23% for a finite-catalytic surface with recombination probabilities similar to those of the Shuttle Orbiter thermal protection coatings. However, at higher altitudes, the recombination probabilities are quite low and the calculated heating for altitudes greater than about 84 km is essentially the same as that for a noncatalytic surface.
Since atmospheric data were not gathered in the OREX flight experiment, sensitivity of the atmospheric data used in earlier Navier-Stokes calculations is evaluated by employing the Jacchia atmospheric model for altitudes greater than 90 kin. Generally, a better agreement between the VSL predictions and flight heating data is obtained using the Jacchia values.
In general, there is a good agreement between the VSL predictions and the OREX measured or inferred data for electron number density and stagnation-point heat-transfer rate. Present results compare quite well with the direct simulation Monte Carlo (DSMC) predictions for altitudes higher than about 84 kin. The earlier Navier-Stokes calculations are higher at high altitudes due to the noninclusion of low-density effects and lower at low altitudes due to the use of non-catalytic wall boundary conditions when compared with the flight-inferred heat-transfer rate data. The OREX heat-transfer rate data may be unique for high-altitude flight conditions in that they exhibit proper qualitative behavior with increasing altitudes. With further refinements in data extraction procedures and definitions, a valuable aerothermodynamic data base will become available.
This data base should prove immensely helpful in validating the use of various theoretical models used for simulation and provide a test of flowfield codes for reacting gas flows. 9.3644x10 -7
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